Jan. 3, 1967 G. C. SUMMERS 3,295,628
ACQUSTIC WELL LOGGING METHOD AND APPARATUS
Filed March 23, 1962 3 Sheets—-Sheet 1
l ) 27
Pl 72 [CASING COLLAR 4
60~ AC 1
MEASURING
POWER CIRCUIT
8>
f55 567 77/
2 M5 SAW TOOTH
SYNC. ™ care | |GeENERATOR] |
BT
24"
26 NOISE {67 WL— PICK-OFF
> GATE conTRoL [
L .
I N »
SIGNAL | | AMPLIFIER s
‘»-—FAMPL/F/E/Z = GATE AND C.E y,
4 /M4
o r nr— %
KEYED BLOCKING
-// 20, [‘ RECTIFIER] |0SCILLATOR
{0
29 Mufﬁyik %
20 ’
p | keveo BLOCKING ||
RECTIFIERY  |0SCILLATOR
24 43 ) = -
49
45 i t\ % '
|| puse |} | cATHODE
AMPLIFIERT | ENGTHENER] ]Y FOLLOWER 76
’ / RECORDER |
[ DRIVE
| reCorRDER
DRIVE : e
—7{
RECORDER /4 ]=: »2{/:,25”1
RECORDER ' | INVENTOR
| prIvVE GERALD C. SUMMERS
T Joatd Ao el )
12 AT TORNEYS




3,295,628

3 Sheets—Sheet 2 .

G. C. SUMMERS
ACOUSTIC WELL LOGGING METHOD AND APPARATUS

. |
Qom\\wmw\ e ——— _ ',%m,_l_

-,

LNdLNO

FS7d
AL

L8
wf\ ] m—m—————- L))U)))
. 2

'

-
I
N

e Uy
ATTORNEYS

INVENTOR

GERALD C. SUMMERS

BY

AéHiA4ﬂaoﬁAﬂ4kz&¢AA%WWu)

o Mater,

B

R

Jan. 3, 1967
Filed March 23, 1962

G | mm————-
, 78 . « S f\\\\MmMW\\.
24 | o %miv \\,—_
08 | | _ 296
B e B 71
\Q(.l‘)\l»@\N% llllllll ::.:.:.....nmﬁ.ﬂg.
km mﬂR\ e 85 Ti swz \I* J

HLOOIMY'S




Jan. 3, 1967

Filed March 23, 1962

#ie3 ]

- 29

37

GAMMA
RAY
SOURCE

39 Y

SHIELD-

G. C. SUMMERS 3,295,628

ACOUSTIC WELL LOGGING METHOD AND APPARATUS

F6—

GAMMA
RAY

DETECTOR

— FPOWER
SUPPLY

D.C.

w0

\

GATED

AMPLIFIER

4f—

)

MULT!-

VIBRATOR

35,

34

TRANSMITTING
TRANSDUCER
AND SYNC
GENERATOR

PULSING
CIRCUIT

zo

— RECEIVER

4

FROM
BLOCKEG:
. 08¢,

49

% 5/61

516

8o

?_{._

vy
Fafmwsz 48

5 Sheets-Sheet 3

™
W,
o
=
N\

77

g W
3
h

\
3

D Vet

N

T T e T e e

a5
| INVENTOR

GERALD C. SuMMERS

the. BY paerno, )(wufm.wmyw

j.f DRIVE-53 Palhdrimo anel W) yer

ATTORNEY:S



United States Patent Office

3,295,628
Patented Jan. 3, 1967

1

3,295,628
ACOUSTIC WELL LOGGING METHOD
AND APPARATUS

Gerald C. Summers, Dallas, Tex., assignor, by mesne as-

signments, to PGAC Development Company, Houston,

Tex., a corporation of Texas

Filed Mar. 23, 1962, Ser. No. 181,859
9 Claims. (CL 181—.5)

The present invention relates generally to acoustic well
logging and is more particularly concerned with a method
and apparatus for determining the quality of the cement
bond between the casing and the walls of a borehole.

In the production of water free hydrocarbons such as
gas or oil from a well a common practice is to insert
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cement into the spacing between the casing and the bore- .

hole walls, thus producing a squeeze effect at the level
of the well where the hydrocarbons are being extracted.
Frequently, the cement does not fill the entire space be-
tween the casing and the borehole walls due to failure
to bond either with the earth formations or with the outer
surface of the casing. It is important to be able to log
the cased well to determine the quality of the cement
bond at the different borehole depths of interest and the
present invention is, therefore, directed to a new and im-
proved method and apparatus for accomplishing this re-
sult.

It has been found that the attenuation of acoustic en-
ergy in passing from a transmitter to a spaced receiver
is a very useful parameter in measuring the quality of the
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cement bond. Thus, in areas of the borehole where there .

is little or no cement or where the bond to the casing is

very poor, a major portion .of the acoustic energy will

travel through the casing as it traverses the distance be-
“‘tween the transmitter and the receiver and very little
energy will pass to the earth formations. The absence of
cement or a poor quality bond prevents any appreciable
refraction of the acoustic energy into the borehole forma-
tions and, as a result, this energy arrives at the receiver
at a very high amplitude. On the other hand, when the
cement bond is very good, most of the acoustic energy
is refracted through the earth formations and/or the ce-
ment and very little passes through the casing. Thus, a
measurement of the amplitude of the energy reaching the
receiver through the casing provides an indication of the
quality of the cement bond. However, in some cases,
particularly in logging high velocity layers such -as-lime-
stone or dolomite, the energy travelling through the earth
formations arrives at the receiver prior to the somewhat
more slowly travelling energy passing through the casing.
Thus, if a measurement is made of the amplitude of the
signal initially arriving at the receiver, such a measure-
ment, standing alone, cannot provide a determination of
the cement bond quality because it is impossible to deter-
mine whether the casing signal or the formation signal
is arriving first. However, if a velccity measurement is
made simultaneously with the amplitude measurement to
indicate the shortest travel time of the acoustic energy
from the transmitter to the receiver irrespective of the
path traversed, those areas where the formation signal
arrives prior to the casing signal can be readily deter-
mined and this information can be used in analyzing the
amplitude or attenuation log. The prevent invention,
therefore, has for a principal object the provision of a
new and improved well logging system for logging cased
boreholes by producing simultaneously an amplitude or
attenuation curve, a velocity or travel time curve, and a
casing collar indication. The amplitude measuring por-
tion of the system is similar to the arrangement described
and claimed in copending application Serial No. 846,974
of Gerald C. Summers and Charles H, Thurber, assigned
to the same assignee as the present invention.
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The invention has for a further object the provision
of a new and improved method for determining the qual-
ity of the cement bond by.simultaneously logging an am-
plitude curve and a velocity curve while, at the same
time, providing indications from which the locations of
the casing collars can be determined.

A further object of the invention is to provide a well
logging system for simultaneously producing a velocity
curve and an amplitude curve but which is, at the same
time, characterized by simple, relatively inexpensive con-
struction.

The foregoing and other objects are realized, accord-
ing to the present invention, by providing a well logging
system employing a downhole tool carrying both a trans-
mitter of successive spaced apart signal pulses and a re-
ceiver spaced a fixed distance from the transmitter in a
direction extending longitudinally of the borehole. A
gamma ray radioactivity or . other casing collar locator
section is also included in the downhole tool and includes
a radioactive source for emitting rays which are scattered
in the casing of the well and returned to a detector
shielded from direct radiation from the source. The
number of rays arriving at the detector during a predeter-
mined period is a function of the thickness of the well
casing and the detected rays may, therefore, be used to
develop a casing collar log. )

A gated circuit included in the transmission path from
the casing collar detector to the surface equipment has
its conductivity controlled by a gating signal in such man-
ner that no casing collar locating signals are transmitted
to the surface for a brief interval following each trans-
mitter pulse. The gating signal is developed in response
to a synchronizing pulse developed in. coincidence with
the transmitter puise. Thus, casing collar locating sig-
nals are sent to the surface for a major portion of each
period between successive transmitter pulses but for a
brief interval at the beginning of each such period the
casing collar measuring equipment is rendered ineffec-
tive. - The brief interval is slightly greater than the time
required for the pulse to pass from the transmitter to the
receiver and during each such interval measurements are
made both of the amplitude or attenuation of the signal
arriving ‘at the receiver and of the velocity or travel time
of the pulse in traversing the fixed distance between the
transmitter and the receiver. The velocity and amplitude
curves are recorded simultaneously with the casing collar
curve to correlate all of the collected information in or-
der to permit an accurate analysis of the quality of the
cement bond.

The invention, both as to its organization and manner
of operation, together with further objects and advan-
tages, will best be understood by reference to the follow-
ing description taken in conjunction with the accompany-
ing drawings wherein:

FIG. 1 is a partially schematic, partially diagrammatic
view of a well logging system characterized by the fea-
tures of the present invention with the downhole tool of
the system being illustrated within a section of a cased
borehole extending into the earth;

FIG. 2 shows a group of typical waveforms which are
useful in explaining ‘the operation of the system shown
in FIG. 1;

FIG. 3 is a diagrammatic illustration showing down-
hole equipment which may be used in the system shown
in FIG. 1;

FIG. 4 shows a portion of a log which may be de-
veloped by operation of the system shown in FIG. 1;

FIG. 5 is a schematic diagram showing a keyed recti-
fier circuit which may be used in the system shown in
F1G. 1; and

FIG. 6 is a schematic diagram showing a pick-off .con-
trol which may be used in the system shown in FIG. 1.
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Referring now to the drawings and first to FIG. 1, a
well logging system embodying the principles of the pres-
ent invention is there shown as including a downhole
tool 18 disposed within a borehole 11 extending into the
earth from the surface. The borehole 11 has been cased
by a plurality of casing sections 12 secured together in
end to end relationship as, for example, by threading one
end of each section into a collar 13 formed on the ad-
jacent section. The casing is usually formed of steel and,
in the case of casings using overlapped joints between the
collars 13, a double thickness of such material exists at
each of these joints.

As was previously indicated, it is often desirable in the
production of hydrocarbons to pour cement into the gen-
erally annular space 14 existing between the casing sec-
tions 12 and the walls of the borehole 11, this cement be-
ing identified by the reference numeral 15 in FIG. 1. As
is shown in the drawings, the cement 15 does not always
bond firmly to the outer periphery of the casing sections
12 or to the borehole walls and, as a result, there may
exist at different borehole depths areas such as that shown
at 16 where the bonding is very good, areas such as that
shown at 17 where there is little or no cement, and other
areas such as that shown at 18 where the cement bond is
of intermediate quality.

The well logging system of the present invention is
adapted to provide information useful in indicating the
quality of the cement bond at the different borehole depths
and, to this end, it produces simultaneously an amplitude
or attenuation curve, a velccity or travel time curve and
a casing collar curve for indicating the borehole depths
at which the collars 13 are located. To provide these
three curves, the downhole tool 10 includes a casing collar
detecting section 28, a transmiting transducer or transmit-
ter section 2%, a receiving transducer or receiver section
22, an acoustic jsolating section 23 which spaces and elec-
trically insulates the sections 22 and 22, and a transceiver
or electronics section 24 containing the electronic com-
ponents of the downhole tool described more fully here-
inafter. 'The sections of the downhole tool may be housed
within generally cylindrical casings provided with threaded
couplings (not shown) at both ends and these casings
are secured together end to end in well known manner.
Suitable electrical connectors are provided between the
different sections but these are conventional and, hence,
are not shown in the drawings.

The uppermost section 28 is secured to a cable head 25
which is, in turn, connected to the lower end of a cable
26 extending through the borehole and connected at the
earth’s surface to surface equipment indicated generally
by the reference numeral 27. The cable may include any
number of conductors necessary to provide the desired
electrical connections between the downhole tool 18 and
the surface equipment 27 but in the form shown a cable is
employed having three inner conductors 28, 29 and 30
insulated from each other and housed within an outer
conducting sheath 31. The outer sheath is grounded both
in the downhole tcol 18 and, as indicated at 31a, at the
surface equipment to provide a common ground connec-
tion. At the surface the cable 26 is trained over a sheave
33 which may be motor driven and which cooperates with
the cable to form a means to raise or lower the tool 10
within the borehole.

Power for the electronic circuits of the downhole tool
10 is supplied from a conventional 60 cycle A.C, power
source 32 in the surface equipment over one of the con-
ductors 29, the return connection, of course, being pro-
vided by the grounded outer sheath 31. The power is de-
livered to the downhole tool by a phantoming circuit ar-
rangement of the type well known in the art and de-
scribed briefly in the above-identified copending applica-
tion Serial No. 846,974.

As is shown in FIG. 3, the transmitting section 21 in-
cludes a transmitting transducer and a pulsing circuit 34
which is preferably a free-running high-power pulse source
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of the type described in U.S. Patent No. 2,737,639. The
transmitting transducer is pulsed by the circuit 34 to emit
pulses at a suitable repetition rate, for example, at a rate
of about 15 to 30 pulses per second. In the ensuing de-
scription, a repetition rate of 20 pulses per second will be
assumed thus providing a period of 50 milliseconds be-
tween successive pulses. While the receiver 22 may be
spaced from the transmitter 21 any suitable distance, pref-
erably provision is made for a spacing of either 4, 5, 6, 7,
or 8 feet by the insertion of an acoustic section 23 of the
proper length. In any event, the spacing is such that
all of the acoustic energy necessary for the production of
the velocity and amplitude curves will arrive at the re-
<ceiver 22 within an interval of 2 milliseconds following the
acoustic pulse and, hence, the velocity and amplitude meas-
urements are made during the first 2 milliseconds of each
period which may be referred to as the measuring interval.
The transmitting transducer and its associated pulse source
34 comprise means 35 for generating a series of spaced
apart acoustic or elastic pulses coupled by the borehole
fluid to the casing sections 12 and from the casing sec-
tions through the cement 15 to the earth formations sur-
rounding the borehole. As is described in the afore-
mentioned copending application Serial No. 846,974, a
small portion of each pulse from the transmiting trans-
ducer is used to develop a synchronizing pulse which ap-
bears upon an output lead 36 from the generating means
35 and is used as a timing pulse in the downhole tool 18.
The synchronizing pulse also controls the timing of the
surface equipment 27 and, to this end, it is transmitted to
the latter equipment via a transmission circuit including
the conductor 28.

The receiver section 22 includes a receiving transducer
of conventional construction for converting the received
acoustic or elastic energy into corresponding electrical
signals which are transmitted to the surface equipment
via a circuit including the conductor 28. The signals de-
tected by the receiver 22 are represented by the waveform
22¢ in FIG. 2 where the 50 millisecond period between
successive pulses has been broken so that the 2 millisec-
ond measuring interval is effectively expanded or em-
phasized.

The casing collar locating section 26 may be either of
the conventional magnetic or induction types or, as
shown in the drawings, it may be of the raidoactivity type
utilizing a source of radioactive waves such as a gamma
ray source 37 shown in FIG. 3. For example, the source
37 may comprise a small amount of radium emitting
gamma rays to penetrate the casing sections 12 where
they are diffused and scattered. The degree of diffusion
and scattering of the gamma rays is a function of the
thickness of the casing section and, as a result, this thick-
ness determines the number of rays returned to a highly
sensitive radiation detector 38. To prevent direct radia-
tion from the source 37 to the detector 38 there is dis-
posed between these two elements a shield 39 formed of
high density metal such as a tungsten alloy and a similar
shield (not shown) may surround a portion of the detec-
tor to protect it from undesired gamma rays. The latter
detector responds to the gamma rays returned from the
casing by developing electrical pips or signals represent-
ing the gamma rays and identified in FIG. 2 by the ref-
erence numeral 38a.

The output of the detector 38 is applied to one or more
amplifier stages including a gated amplifier 40, the con-
ductivity of which is adapted to be controlled by a gating
signal supplied from a triggered, monostable multivibra-
tor circuit 41. The multivibrator 41 is triggered by the
synchronizing pulse from the circuit 35 and develops a
square wave gating signal having a duration equal to
the 2 millisecond measuring interval of each cycle. This
gating signal is effective to cut off the gated amplifier 40
and render it ineffective to transmit the electrical signals
from the detector 38 during the 2 millisecond measuring
interval of each period. The synchronizing signal is in-
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dicated in FIG. 2 by the reference numeral 36a while
the square wave gating signal is indicated at 41a. The
output of the gated amplifier 40 is applied through a
tra{xsmission circuit including the cable conductor 30 to a
casing collar measuring circuit 42 in the surface equip-
ment. The later circuit is of conventional construction
and includes an integrator for counting the number of
gamma rays arriving at the detector 38 during one or
more of the periods between succesive synchronizing
pulses 36a. The circuit 42 also includes means for re-
cording the output of the integrator and may comprise
for example, a recording galvanometer for recording on
a sensitized medium driven in synchronism with the
sheave 33 a curve representing the number of detected
gamma rays as a function of borehole depth. At bore-
hole depths where the casing collars 13 are located the
latter curve will exhibit an increase in the number of de-
tected gamma rays and, hence, the depths of the different
casing collars may be readily determined.

As will be readily apparent from the foregoing de-
scription the casing collar measuring circuit 42 does not
receive any signals corresponding to the detected gamma
rays during the 2 millisecond measuring interval but,
since this interval is of fixed duration, it equally affects
all of the integrating periods between successive trans-
mitter pulses and, hence, for all practical purposes the
gating of the casing collar circuit has no effect on the cas-
ing collar curve.

During each 2 millisecond measuring interval, how-
ever, the signal arriving at the receiver 22 from the trans-
mitter 20 is used in the surface equipment 27 to provide
measurements of both the travel time required for the
pulse to traverse the distance between the transmitter and
the receiver and the amplitude of the initially arriving
portion of the received signal. Thus, the duration of the
gating signal 41¢ must be slightly greater than the time
required for the transmitter pulse to reach the receiver
either through the casing sections 12 or through the earth
formations around the borehole. To permit the ampli-
tude and velocity measurements, the synchronizing pulses
36z and the output of the receiver 22 are applied to the
surface equipment 27 via a transmission circuit includ-
ing the cable conductor 28 which is connected at the
surface to an amplitude measuring channel 43, a timing
channel 44 and a velocity measuring channel 45. The

- channel 43 functions to provide the amplitude measure--

ment. ‘The channel 44 functions to gate both the ampli-
tude measuring channel 43 and the velocity measuring
channel 45 so that these channels are not triggered by

" spurious noises or the like and, hence, respond only to

signals arriving at the receiver 22 from the transmitter
21, In addition, the timing channel 44 and the velocity
channel 45 cooperate to provide the velocity or travel
time measurements. More specifically, the amplitude
measuring channel 43 .comprises an amplifier 46 for am-
plifying the signals detected by the receiver 22 and for
passing these signals to a pulse lengthener 47 and cathode
follower 48. The amplitude measuring channel further
comprises a blocking osciltator 49 and a multivibrator 50.
The circuits 47, 48, 49 and 50 are jdentical to the simi-
larly entitled circiuts described in detail in the copending
application Serial No. 846,974 referred to above. Thus,
the pulse lengthener and cathode follower are identical
to the circuit identified in the copending application by
the reference numeral 171 and shown in. detail in FIG.
4, the multivibrator 50 is identical to the circuit 167 and
the blocking oscillator 49 corresponds to the blocking
oscillator A or B of the copending application. As will
be evident from the detailed description in the latter ap-
plication the pulse lengthener 47 and cathode follower 48
cooperate to develop an output which is proportional to
the first excursion of the received signal 22a in a prede-
termined direction, for example, in a positive direction.
The multivibrator 50 is triggered by the blocking oscil-
lator 49 to provide a rectangular wave output indicated at
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50a in FIG. 2 and having a duration which is preferably
very short, for example, about 50 microseconds. As is de-
cribed more fully below the blocking oscillator 49 triggers
the multivibrator 50 at a predetermined time just prior
to the expected arrival of the casing signals at the re-
ceiver 22.. The duration of the wave 50a is sufficient. to
embrace the period during which the casing signals arrive
at the receiver and this wave is effective to render the
pulse lengthener 47 and cathode follower 48 effective
to develop a lengthened pulse output 484 having an ampli-
tude proportional to the first positive excursion of the
signal detected by the receiver 22 and having a pulse
width corresponding to the duration of the wave 50a.
The lengthened pulse output from the cathode follower
48 is applied to a keyed rectifier 51 and storage capacitor
52 which, taken together, form a circuit of the type identi-
fied by reference numeral 32 in U.S. Patent No. Re.

24,446, This circuit is shown schematically in FIG. 5

and functions in a manner which will be apparent from
an understanding of the operation of the circuit disclosed
in the Patent No. Re. 24,446, More specifically, the
keyed rectifier circuit 51 includes a pair of triodes 51a
and 51b for charging the capacitor 52 to a voltage pro-
portional to the amplitude of the pulse output from the
cathode follower. If the amplitude of the pulse from the
cathode follower 48 is lower than the then existing volt-
age on the capacitor 52, the triode 51a conducts during
the positive half cycles of the A.C. signal applied to its
grid so that the capacitor discharges to the lower level of
the signal from the cathode follower. If the' pulse from
the cathode follower 48 is higher than the voltage on
the capacitor 52, the triode 51b conducts during the posi-
tive half cycles of the A.C. signal applied to its grid,
thus charging the capacitor 52 to the higher voltage level
of the input pulse. ‘The A.C. signal supplied to the pri-
mary winding of the input transformer Sic for the keyed
rectifier circuit may be obtained either from the blocking
oscillator 49 or from the blocking oscillator 69 but is
shown as being derived from the oscillator 49. In either
case the A.C. signal is the characteristic acoustic signal
similar to the signal 22a and containing a large propor-

_tion of frequency content in the order of 20,000 cycles.

This frequency content makes several half cycles avail-
able for effecting conduction through the triodes 51a or
51b. Since the discharge circuit for the capacitor 52
during the time between operations of the keyed rectifier
51 is through the very high impedance of - the non-con-
ducting triodes 51a and 51b, the capacitor does not dis-
charge appreciably during this period.  Thus, the voltage
across the capacitor 52 is proportional to the amplitude
of the pulse 48a and this voltage is applied to a first
recorder drive 53 of a conventional oscillograph recorder
54. The latter recorder may include a plurality of re-
cording galvanometers one of which is controlled by the
drive 53 to deflect a light beam impinging upon a sensi-
tized recording medium driven past the beam in syn-
chronism with the sheave 33. The deflection of the
beam is, of course, proportional to the voltage across
the capacitor 52 and, as a result, the recorder develops
a first continuous curve representing the amplitude of the
first positive excursion of the pulse 48a. The drive
53 also may be used to control a recording pen or stylus
acting upon a recording medium. In either case the
recorder drive 53 is effective to develop upon a record
93 (FIG. 4) a conventional amplitude curve 75, and the
record may, if desired, be calibrated in terms of attenua-
tion in view of the fact that the amplitude of the detected
signal is inversely proportional to the attenuation intro-
duced by the earth formations or by the casing. By ap-
propriate changes in polarities of the various circuits, the
recorder drive 33 could, of course, be made responsive
to the amplitude of the first negative excursion of the
detected signal. :
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Turning next to the timing channel 44, it will be ob-
served that this channel comprises a sync amplifier 55 for
amplifying the synchronizing pulse 364 to provide a trig-
ger for a multivibrator 56 of the type shown in U.S.
Patent No. Re. 24,446. The latter multivibrator develops
a square wave output 56a for application to a timing sig-
nal or sawtooth generator 57 to develop a gradually
changing or monotonically varying output signal 57a.
Preferably, the generator 57 is a conventional bootstrap
sawtooth generator of the type disclosed in U.S. Patent
No. Re. 24,446 for producing a sawtooth wave having its
initial rise beginning with the synchronizing pulse 36a
and continuing to rise linearly throughout the 2 milli-
second duration of the square wave 56a. When the
sawtooth reaches a predetermined amplitude, it becomes
sufficient to trigger a pick-off control circuit 58 to develop
a sharp timing spike or pulse 58a for triggering the block-
ing oscillator 49. The pulse or spike 58a is produced at
a predetermined, but adjustable time following the gen-
eration of the transmitter pulse and this time is pre-set
so that it is slightly shorter than the time required for
the pulse to pass from the transmitter 21 through the
fluid in the borehole and through the casing and back
through the fluid to the receiver 22. Since the casing
travel time is about 58 microseconds per foot and the
travel time through the borehole fluid is about 200 mi-
croseconds per foot, a four-foot transmitter to receiver
spacing in a six-inch inner diameter casing with three-inch
diameter transducers will require a pre-set time of about
280 microseconds. Other spacings and/or different di-
ameter casings will, of course, require a change in the
pre-set time between the transmitter pulse and the de-
velopment of the spike 58a.

One form of pick-off control which could be used to
perform the functions just described is illustrated in FIG.
6 and comprises a diode 80 having its anode connected to
one terminal 81 of the output of the sawtooth wave gen-
erator 57. The other output terminal 82 of the sawtooth
wave generator is grounded. The cathode of the diode 80
is connected to a controlled D.C. voltage, for example,
to the movable arm of a potentiometer 83 having its wind-
ing connected across a D.C. voltage, that is, between a
positive or B+ terminal and ground. Obviously the mov-
able arm of the potentiometer 83 may be adjusted to sup-
ply a predetermined positive voltage to the cathode of th.e
diode 80. The latter diode prevents flow of current until
the sawtooth wave 57a reaches a level equal to or slightly
greater than the D.C. voltage applied to the cathode but
as soon as the sawtooth wave exceeds the latter level
current flows through the diode to a differentiator circuit
formed by a capacitor 84 and a resistor 85. The posit.ive
going portion of the differentiator circuit output appearing
across the resistor 85 is applied to an amplifier 86 to de-
velop the sharp negative pulse 58a. The signal output of
the amplifier 86 may be clipped, if desired, to elimm?te
any positive going signal and, in addition, the negative
pulse may be sharpened by a second differentiation per-
formed by an inductor 87 connected in parallel with a
resistor 88. The pulse 58« is, of course, generated after a
predetermined delay following the transmitter pulse anfi
this delay is controlled by the potentiometer 83 so that it
is slightly shorter than the time required for the acoustic
pulse to travel from the transmitter 21 to the receiver 22
through the borehole fluid and the casing. The output
of the pick-off control circuit 58 is applied to the blocking
oscillator 49 so that the amplitude measuring channel 43
is effective to measure the amplitude of the received sig-
nals in the manner described above. In this connection,
it will be observed that the spike 58a triggers the blocking
oscillator 49 which, in turn, drives the maultivibrator 59
to develop the square wave 30a beginning at a time coinci-
dent with the spike 584, i.e., at a pre-set time following the
synchronizing pulse. The duration of the square wave 56a
is sufficient to permit measurement of the amplitude of the
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first positive excursion of the casing signal arriving at the
receiver 22. However, pulses travelling through the earth
formations at a velocity equal to or slightly greater than
the velocity of the casing signals i.e. those signals which
arrive during the duration of the square wave 5¢a, may
affect the amplitude measurement. The pulse lengthener
47 and the cathode follower 48 obviously do not respond
to signals ariving at the receiver 22 prior to the generation
of the spike 58a nor do they respond to signals arriving
after the square wave 58z and, as a result, the recorder
drive 53 is not triggered by noises or spurious signals
occurring during these perjods.

Considering next the operation of the channel 45, it
will be observed that this channel includes an amplifier
65 for amplifying the signals 22a detected by the receiver
22. The amplified signals are applied to a gated circuit or
signal gate &6 of the type disclosed in U.S. Patent No.
2,862,104 and this gate is also supplied with a gating square
wave signal 67a (FIG. 2) from a noise gate 67. The
noise gate 67 is a monostable multivibrator of the type
shown in U.S. Patent No. Re. 24,446 and is excited by
the square wave output of the 2 millisecond multivibrator
5% but this square wave is first passed through a delay
circuit in the noise gate to delay the start of the gating
signal §7a for a fixed period following the synchronizing
pulse 36a as is shown in FIG. 2. The delay circuit portion
of the noise gate may be of the type identified by the refer-
ence numeral 25 in U.S. Patent No. 2,768,701. The
gated circuit 66 is nonconductive until it receives the square
wave gating signal 674 and, hence, during the delay period
no signals are passed to its output terminals. Signals
detected during the period of the gating signal 67a are
passed to the signal gate 66 which acts to develop at its
output terminals signals of only one polarity, for example,
positive going signals 66a as shown in FIG. 2. The latter
signals are passed through an cutput amplifier and cathode
follower 68 to a conventional blocking oscillator 69, simi-
lar to the blocking oscillator 4% described above, for de-
veloping in response to the first half wave a sharp trigger
pulse 69a to excite a keyed rectifier circuit 7¢ which is also
supplied with the linear sawtooth wave 57a from the gen-
erator 57. The keyed rectifier may be identical to that
disclosed in the above-identified Patent No. Re. 24,446 and
is effective to control the charging and discharging of a
storage capacitor 71 connected across its output. As
will be evident from an understanding of the latter patent,
the blocking oscillator 69 triggers the keyed rectifier circuit
70 to charge the capacitor 71 to a level corresponding to
the amplitude of the sawtooth wave 57a at a time corre-
sponding to the instant of first arrival of the pulse from
the transmitter 2¢ at the receiver 22. During the succeed-
ing velocity measuring periods, if the first arrival at the
receiver occurs earlier than the previous one, thus indi-
cating a higher velocity of propagation, the sawtooth 57«
will have reached a lower level at the time when the block-
ing oscillator 69 is triggered so that the capacitor 71 dis-
charges to a somewhat lower level. Conversely, if the
first energy takes longer to reach the receiver the charge
on the capacitor 71 is increased to a higher level. Thus,
the voltage across the capacitor 71 is proportional to the
time expiring between the transmission of a pulse from the
transmitter 21 and the arrival of the first portion of the
resulting energy at the receiver 22. This voltage is applied
to a second recorder drive 72 of the recorder 54 to develop
upon the record 73 a conventional single receiver, continu-
ous, velocity curve 74 representing as a function of bore-
hole depth the velocities of propagation of the pulses
either through the borehole casing or through the different
formations disposed between the transmitter 21 and the
receiver 22 as the tool 1@ is moved within the borehole 11.
Since the blocking oscillator 62 responds to the initial
portion of the energy arriving at the receiver, assuming,
of course, that this initial energy is of sufficient amplitude
to operate the velocity channel, the velocity curve will
represent the travel time or velocity of the pulses passing
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through the borehole casing except for those borehole
depths where the borehole formations have a higher veloc-
ity of propagation than the steel casing. The casing
collar curve may be developed by a third recorder drive
76 of the recorder 54 so that this curve (indicated at 77
in FIG. 4) appears side by side with the curves 74 and
75 but the casing collar curve 77 may also be produced
upon a separate record if desired.

Turning now to the analysis of a typical log like that
shown in FIG. 4, which is a log taken in a borehole con-
taining at least a few high velocity formations, it will be
observed that areas such as that indicated at A indicate
the presence of a poor quality cement bond since the am-
plitude curve 75 indicates a very low attenuation in this
area while the velocity curve 74 indicates a velocity co-
inciding with the velocity of propagation of the acoustic
energy through the steel casing sections. In this connec-
tion, the reference line 78 indicates the velocity of propa-
gation of acoustic energy through the steel casing while
areas to the right of this line indicate higher velocities and
areas to the left indicate lower velocities. The high am-
plitude of curve 75 in the region B might be caused by
limestone or dolomite formations which transmit the
acoustic energy at a high energy level. From the region
C to the bottom of the record porticn 73 shown in FIG. 4,
the formations contain predominant quantities of shale
and the velocity curve shows a signal arriving at the re-
ceiver 22 after the casing signal. In this area the cement
bond is obviously very good in that a major portion of
the acoustic energy is reported into the cement and the
earth formations with the result that the casing signals are
not strong enough to operate the velocity channel 45. In
areas where the velocity curve 74 indicates velocities
lower than that of the steel casing, the analyst can be cer-
tain that the amplitude of the casing signals are being
measured and the low level of these signals indicates the
good quality of the cement bond. Areas where minor
brief variations in the amplitude curve may be caused
by the presence of the casing collars 13 will be shown on
the curve 77 thus providing additional information to aid
the analysis. It can be seen -that the amplitude curve
alone may not provide completely reliable results and may
lead to unnecessary squeeze jobs or cement bonds in areas
where the bond is already adequate. However, the simul-
taneous recording of both amplitude and single receiver
velocity curves minimizes the confusion by providing
more reliable information.

While the invention has been described in conjunction
with an illustrative embodiment, it will be understood
that many modifications will readily occur to those skilled
in this art and it is, therefore, contemplated by the ap-
pended claims to cover any such modifications as fall
within the true spirit and scope -of the invention.

What is claimed as new and desired to be secured by
Letters Patent of the United States is:

1. In a system for logging a cased borehole extending
into the earth’s formations and having a cement layer be-
tween the exterior of the casing and the walls of the bore-

" hole the combiration of a downhole tool within the bore-
hole;
a cable extending from the downhole tool through the
‘borehole to the earth’s surface;

means at the surface cooperating with the cable to raise
and lower the downhole tool within the borehole;
and

equipment at the surface connected to said cable;

said downhole tool comprising a casing collar locator

for providing collar locating signals having at least
one characteristic affected by the casing thickness, a
transmitter for repeatedly emitting spaced apart
acoustic pulses for transmission through the bore-
hole casing and through the earth formations
coupled to the casing through the cement layer and
for producing a synchronizing pulse coincident with
each acoustic pulse, and a receiver spaced from the
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transmitter in a direction extending longitudinally of
the borehole for receiving said acoustic pulses and
for developing corresponding electrical signals;

means for transmitting to said surface equipment over
said cable said collar locating signals, said synchro-
nizing pulses and said electrical signals;

said surface equipment including recording means con-

nected to said cable for developing longitudinally
along a recording medium and in response to said
synchronizing pulses and said electrical signals a first
curve proportional to the travel time of the acous-
tic pulses from the transmitter to the receiver at the
different borehole depths, means responsive to said
electrical signals for developing longitudinally along
said recording medium a second curve proportional
to the amplitude of the electrical signals at the dif-
ferent borehole depths and spaced from said first
curve in a direction extending transversely of said
medium, and means connected to said cable and re-
sponsive to variations in said characteristic of said
collar locating signals for providing an indication on
said recording medium from which the depths of the
casing collars may be determined, said first and sec-
ond curves having a common time base so that trans-
versely aligned points represent a common borehole
depth, whereby the acoustic. pulses arriving at said
receiver after passing through the casing and having
an amplitude represented by said second curve can
be readily distinguished on said second curve from
the acoustic pulses arriving at said receiver after pass-
ing through the cement layer and the earth forma-
tions adjacent the casing by reference to the differ-
ences in travel time as indicated on said first curve,
the differences in amplitude between the different re-
cordings making up the second curve being influenced
by the amount of energy coupled through the cement
Jayer to the earth formations so that high amplitude
indications on said second curve represent borehole
depths where most of the energy of said pulses passes
through the casing to the receiver while low ampli-
tude indications represent borehole depths where a
portion of the energy of said pulses is coupled
through the cement layer to the earth formations.

2. The apparatus defined by claim I wherein the means
for providing the casing collar indication comprises re-
cording means for producing a third curve sirnultaneously
with the first and second curves and depicting variations
in said characteristic of said casing collar signals as a
function of borehole depth.

3. In a system for logging a cased borehole extending
into the earth’s formations and having a cement layer be-
tween the exterior of the casing and the walls of the bore-
hole the combination of a downhole tool within the bore-
hole;

said downhole tool comprising a casing collar locator

for providing collar locating signals having at least
one characteristic affected by the casing thickness, a
transmitter for repeatedly emitting spaced apart
acoustic pulses for transmission through the borehole
casing and through the earth formations coupled to
the casing through the cement layer and for pro-
ducing a synchronizing pulse coincident with each
acoustic pulse, and a receiver spaced from the trans-
mitter in a direction extending longitudinally of the
borehole for receiving said acoustic pulses and for
developing corresponding electrical signals; and

recording means for developing longitudinally along a

recording medium and in response to said synchroniz-
ing pulses and said electrical signals a first curve pro-
portional to the travel time of the acoustic pulses
from the transmitter to the receiver at the different
borehole depths, means responsive to said electrical
signals for developing longitudinally along said re-
cording medium a second curve proportional to the
amplitude of the electrical signals at the different
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borehole depths and spaced from said first curve in
a direction extending transversely of said medium,
and means responsive to variations in said one char-
acteristic of said casing collar signals for providing
simultaneously with the recording of said first and
second curves an indication on said recording
medium from which the depths of the casing collars
may be determined, said first and second curves hav-
ing a common time base so that transversely aligned
points represent a common borehole depth, whereby
the acoustic pulses arriving at said receiver after pass-
ing through the casing and having an amplitude rep-
resented by said second curve can be readily distin-
guished on said second curve from the acoustic
pulses arriving at said receiver after passing through
the cement layer and the earth formations adjacent
the casing by reference to the differences in travel
time as indicated on said first curve, the differences in
amplitude between the different recordings making
up the second curve being influenced by the amount
of energy coupled through the cement layer to the
earth formations so that high amplitude indications
on said second curve represent borehole depths where
most of the energy of said pulses passes through the
casing to the receiver while low amplitude indica-
tions represent borehole depths where a portion of
the energy of said pulses is coupled through the
cement layer to the earth formations.

4. The apparatus defined by claim 3 wherein the means
for providing the casing collar indication comprises re-
cording means for producing a third curve simultaneously
with the first and second curves and depicting variations
in said characteristic of said casing collar signals as a
function of borehole depth.

5. A method of determining the quality of a cement
bond between the casing of a borehole extending into the
earth’s formations and the borehole walls, said method
comprising the steps of measuring the amplitude of acous-
tic pulses initially arriving at a receiver from a transmitter
of periodic spaced apart pulses after passing through the
casing and through the earth formations ccupled to said
casing through the cement; which transmitter is spaced
from the receiver in a direction extending longitudinally
of the borehole, moving the transmitter and receiver
longitudinally of the borehole while maintaining the fixed
spacing therebetween, producing longitudinally along a
recording medium a first curve from the amplitude meas-
urements as the transmitter and receiver are moved,
measuring the time between transmission of the pulses
from the transmitter and the first arrival of these pulses
at the receiver after travelling through the casing or
through the earth formations around the borehole, pro-
ducing longitudinally along said recording medinm a sec-
ond curve from the time measurements as the trans-
miiter and receiver are moved, said first and second
curves being displaced transversely of said record-
ing medium and having a common time base
so that transversely aligned points on said recording
medium represent a common borehole depth, whereby the
acoustic pulses arriving at said receiver through the cas-
ing and having an amplitude represented by the first curve
can be readily distinguished on said first curve from the
acoustic pulses arriving at said receiver after passing
through said cement and said earth formations by refer-
ence to the differences in travel time as indicated on said
second curve, the amplitudes of the recordings making
up said first curve being influenced by the amount of
energy coupled through the cement to the earth forma-
tions so that high amplitude indications on said first curve
represent borehole depths where most of the energy of
said pulses passes through the casing to the receiver while
low amplitude indications represent borehole depths
where a portion of the energy of said pulses is coupled
through the cement to the earth formations comparing
the first and second curves to determine whether the am-
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plitude indicated on the first curve represents the ampli-
tude of pulses travelling through the casing or that of
pulses travelling through the earth formations, and pro-
ducing on said medium an additional indication which is
affected by the thickness of the casing at different depths
to facilitate location of the junctions between different sec-
tions of the borehole casing.

bond between the casing of a borehole extending into the

6. A method of determining the quality of a cement
bond between the casing of a borehole extending into the
earth’s formations and the borehole walls, said method
comprising the steps of periodically and successively gen-
erating acoustic pulses from a source for transmission
through said casing and through the earth formations
coupled to said casing by the cement, receiving said
pulses at a location spaced from the source in a direction
extending longitudinally of the borehole, moving the
source and the receiving location longitudinally of the
borehole while maintaining a fixed spacing therebetween,
producing longitudinally along a recording medium a first
curve representing the amplitude of the pulses arriving at
the receiving location during the movement, producing
longitudinally along said recording medium a second
curve representing the time between transmission of the
pulses from the source and the first arrival of these pulses
at the receiving location after travelling through the cas-
ing or through the earth formations around the borehole,
said first and second curves being displaced trans-
versely of said recording medium and having a
common time base so that transversely aligned points
on said recording medium represent a common bore-
hole depth, whereby the acoustic pulses arriving at
said receiver through the casing and having an amplitude
represented by the first curve can be readily distinguished
on said first curve from the acoustic pulses arriving at
said receiver after passing through said cement and said
earth formations by reference to the differences in travel
time as indicated on said second curve, the amplitudes
of the recordings making up said first curve being influ-
enced by the amount of energy coupled through the
cement to the earth formations so that high amplitude
indications on said first curve represent borehole depths
where most of the energy of said pulses passes through
the casing to the receiver while low amplitude indica-
tions represent borehole depths where a portion of the
energy of said pulses is coupled through the cement to
the earth formations, comparing the first and second
curves to determine whether the amplitude indicated on
the first curve represents the amplitude of pulses travelling
through the casing or that of pulses travelling through
the earth formations, and producing on said medium an
additional indication which is affected by the thickness
of the casing at different depths to facilitate location of
the junctions between different sections of the borehole
casing.

7. A method of determining the quality of a cement
bond between the casing of a borehole extending into the
earth’s formations and the borehole walls, said method
comprising the steps of measuring the amplitude of acous-
tic pulses initially arriving at a receiver from a transmitter
of periodic spaced apart pulses after passing through the
casing and through the earth formations coupled to said
casing through the cement; which transmitter is spaced
from the receiver in a direction extending longitudinally
of the borehole, moving the transmitter and receiver
longitudinally of the borehole while maintaining the fixed
spacing therebetween, producing longitudinally along a
recording medium a first curve from the amplitude meas-
urements as the transmitter and receiver are moved,
measuring the time between transmission of the pulses
from the transmitter and the first arrival of these pulses
at the receiver after travelling through the casing or
through the earth formations around the borehole, pro-
ducing longitudinally along said medium and simultane-
ously with the curve a second curve from the time meas-~
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urements as the transmitter and réceiver are moved, pro-
ducing on said medium and said first and second curves
being displaced transversely of said recording medium
and having a common time base so that tranversely
aligned points on said recording medium represent a
common borehole depth, whereby the acoustic pulses ar-
riving at said receiver through the casing and having an
amplitude represented by the first curve can be readily
distinguished on said first curve from the acoustic pulses
arriving at said receiver after passing through said cement
and said earth formations by reference to the differences
in travel time as indicated on said second curve, the am-
plitudes of the recordings making up said first curve being
influenced by the amount of energy coupled through the
cement to the earth formations so that high amplitude
indications on said first curve represent borehole depths
where most of the energy of said pulses passes through
the casing to the receiver while low amplitude indications
represent borehole depths where a portion of the energy
of said pulses is coupled through the cement to the earth
formations, simultaneously with said amplitude measure-
ments and said time measurements and an additional in-
dication which is affected by the thickness of the casing
at different depths to facilitate location of the junctions
between different sections of the borehole casing.

8. A method of logging a cased borehole extending
into the earth’s formations comprising the steps of period-
ically and successively generating acoustic pulses from
a source for transmission through said casing and through
the earth formations coupled to said casing by the cement,
receiving said pulses at a receiving location spaced from
the source in a direction extending longitudinally of the
borehole, moving the source and the receiving location
longitudinally of the borehole while maintaining a fixed
spacing therebetween, producing longitudinally along a
recording medium a first curve representing the ampli-
-tude of the initially arriving portion of the acoustic pulses
at the receiving location during the movement, producing
longitudinally along said medium and simultaneously
with the curve, a second curve representing the time be-
tween transmission of the pulses from the source and the
first arrival of these pulses at the receiving location after
travelling through the casing or through the earth forma-
tions around the borehole, said first and second curves
being displaced transversely of said recording medium
and ‘having a common time base so that. transversely
aligned points on said recording medium represent a com-
mon borehole depth, whereby the acoustic pulses arriv-
ing at said receiver through the casing and having an am-
plitude represented by the first curve can be readily dis-
tinguished on said first curve from the acoustic pulses
arriving at said receiver after passing through said cement
and said earth formations by reference to. the differences
in travel time as indicated on said second curve, the am-
plitudes of the recordings making up said first curve be-
ing influenced by the amount of energy coupled through
the cement to the earth formations so that high amplitude

"indications on said first curve represent borehole depths
where most of the energy of said pulses passes through.
the casing to the receiver while low amplitude indications
represent borehole depths where a portion of the energy
of said pulses is coupled through the cement to the
earth formations, and producing on said medium simul-
taneously with the production of said first and second
curves an additional indication which is affected by the
thickness of the casing at different depths to facilitate
location of the junctions between different sections of the
borehole casing.

9. In a system for logging a cased borehole, the com-
bination of a downhole tool disposed within the bore-
hole; a cable connected at one end to said downhole tool
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and extending through the borehole to the earth’s surface;
means cooperating with said cable to raise and lower the
downhole tool within the borehole; and surface equip-
ment connected to said cable at the earth’s surface; said
downhole tool comprising a casing collar locator for de-
veloping collar locating signals having at least one char-
acteristic affected by the thickness of the borehole cas-
ing; means at the surface for measuring said characteris-
tic; a first transmission circuit including said cable
connected between said locator and the measuring means;
a transmitter on said downhole tool for repeatedly
emitting spaced apart acoustic pulses and for producing a
synchronizing pulse simultaneously with each acoustic
pulse; a receiver on the downhole tool mounted a fixed
distance from said transmitter in a direction longitudi-
nally of the borehole for receiving acoustic pulses trans-
mitted through the borehole casing and the earth format-
tions around the borehole and for developing electrical
signals corresponding to the received acoustic pulses; the
period between successive acoustic pulses being much
longer than the time required for the acoustic pulse
to travel from the transmitter to the receiver, means
responsive to each synchronizing pulse for rendering said
first transmission circuit ineffective to transmit said col-
lar locating signals to said measuring means for a pre-
determined measuring interval following each synchro-
nizing pulse, which interval is much shorter than the
period between successive acoustic pulses but is sufficient
to permit the acoustic pulse to reach the receiver from
the transmitter; a second transmission circuit including
said cable for transmitting said synchronizing pulse and
said electrical signals to the surface equipment; means
in the surface equipment responsive to each synchroniz-
ing pulse for developing a timing signal having a mono-
tonically varying amplitude and having a duration gener-
ally coextensive with said measuring interval, said sur-
face equipment including first and second signal channels
each receiving said electrical signals, first recording
means responsive to the output of the first channel for
-developing a curve proportional to the amplitude of the
elecetrical signals at the different borehole depths tra-
versed by the downhole tool, means respousive to the
output of the second channel and to said timing signal
for developing a control signal having an amplitude pro-
portional to the amplitude of the timing signal at the
instant of arrival of the acoustic pulse at the receiver;
and second recording means for recording said control
signal to produce a curve proportional to the travel
time of the acoustic pulse from the transmitter to the
receiver at the different borehole depths traversed by
the downhole tool.
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